pared the results of using two different UPF measuring instruments to obtain UPF values of specimens.
Thus, a primary purpose of this investigation was to determine whether similar UPF results would be obtained using an ISO-MET® UV-Meter and a Cary UV Visible Spectrophotometer.
Hereafter, these instruments will be referred to as the UVM and SPM, respectively. The latter is broadly accepted as the instrument of choice for UPF measurement. The UVM is a small, portable instrument that offers a convenient means of demonstrating fabric UPF differences in digital format. If found to provide reliable results, this instrument would have great benefit for garment producers, retailers, educators, and others wishing to show fabric UPF differences to customers or students. A secondary purpose was to demonstrate that home laundering processes using household laundering products could raise UPF levels of low-cost, knit T-shirts above the UPF 5 that Wang et al. (2001) reported from tests of cotton T-shirts before laundering. If so, this would provide a low-cost alternative for consumers compared with the purchase of garments sold with a claim of UV protective capability, usually high-cost garments.
Specifically, because the SPM requires measurement of specimens from three different measuring directions, the purposes of this study were to determine (a) whether there were significant instrument-related differences in UPF results based Improving Knit Fabric UPF 4 on observations from three different specimen measuring directions (i.e., wales, courses, bias), (b) whether there were differences in the UPF values found in cotton jersey and blended pique-stitch knit fabrics, (c) the effects of detergents and laundering additives available on the consumer market on the UPF values of the knit fabrics, and (d) the effects of repeated laundering treatments on those UPF values.
REVIEW OF LITERATURE Ultraviolet Protection Factor Definition and Measurement
UPF has been widely adopted and currently is used to describe the level of UVR protection provided by textile fabrics (Eckhardt & Rohwer, 2000; Pailthorpe, 1998; Srinivasan & Gatewood, 2000; Stanford et al., 1995a Stanford et al., , 1995b Wang et al., 2001; Zhou & Crews, 1998) . The meaning of UPF to consumers is interpreted in the same way as sun protective factor (SPF) used for sunscreens, with higher values representing increasing protection levels.
Three U.S. Standard documents describe the process for preparing, testing, and labeling fabric as being UV-protective.
ASTM D6544, Standard Practice for Preparation of Textiles Prior
to Ultraviolet (UV) Transmission Testing, defines the standardized exposures to laundering, simulated sunlight, and chlorinated pool water that cloth, labeled as UV-protective, must be exposed to before testing for UVR transmission (ASTM, 2001a) . Recently, the ISO-MET® UV-Meter was introduced as an al-UPF = Improving Knit Fabric UPF 6 ternative instrument for measuring UPF. This instrument is small, lightweight, and easily portable. It detects UV-B and UV-A in the ranges of 290 nm to 320 nm and 320 nm to 400 nm, respectively (ISO-MET User's Manual, n.d.). Within 3 seconds of specimen placement, it provides a digital readout of UV-B, UV-A, and UPF. In addition to being a convenient measuring device, this instrument can quickly demonstrate differences in fabric UPF to communicate with students or clients. However, no textile fabric research was identified that used this instrument. It was unknown whether the UVM would provide UPF calculations that were consistent with those measured by a SPM.
Fabric Factors Affecting UPF
Previous research has examined many factors affecting UVR transmission and the calculated fabric UPF. Fiber content, fabric structure, fabric weight, and porosity influence UVR transmission and fabric UPF. A few studies examined the effect of fiber content on UVR transmission (Crews et al., 1999; Davis et al. 1997; Gies, Roy, Toomey, & McLennan, 1998) . Polyester provides superior UV protection due to the fiber's benzene ring, if all other fabric features are held constant (Davis et al., 1997; Gies, Roy, Elliott, & Zongli, 1994; Reinehr, Fuso, Hilfiker, & Schmidt, 1997) . Although cotton is most used in summerweight clothing because of its absorbency and comfort, it is least effective in blocking UVR transmission.
Fabric construction (i.e., woven, knit, or nonwoven) also affects UVR transmission (Davis et al., 1997; Gies et al., 1994; Pailthorpe, 1998; Robson & Diffey, 1990) . The more tightly woven or knitted fabric, the less UVR transmits through the fabric. Fabric thickness and weight also were found to affect 7 UVR transmission (Crews et al., 1999; Davis et al., 1997; Gies et al., 1994 Gies et al., , 1998 Gies, Roy, McLennan, & Toomey, 1997; Pailthorpe, 1998; Robson & Diffey, 1990) . Heavier fabrics have more fibers and yarns to penetrate compared with lighter ones; therefore, UVR is scattered and does not penetrate as directly to the skin. Fabric porosity is dependent on a combination of the attributes mentioned above but was identified as the main factor in UVR transmission by Crews et al. (1999) , Reinehr et al. (1997) , and Stanford et al. (1995a) .
Fabric porosity is calculated by dividing the area of pores in the fabric by the total fabric area. The higher the fabric count or gauge, the more tightly woven or knitted the fabric; therefore, the lower the porosity when other fabric features are identical. UVR that passes directly through pores or holes in a fabric between yarns, for example, does not get scattered as it does when it strikes a fiber or yarn (Hilfiker, Kaufmann, Reinehr, & Schmidt, 1996) . Davis et al. (1997) , Eckhardt and Rohwer (2000) , Gies et al. (1994 , 1998 ), Pailthrope (1994 , 1998 , and Reinehr et al. (1997) . In a study primarily concerning the dye effect, Srinivasan and Gatewood (2000) reImproving Knit Fabric UPF 8 ported that the "concentration and absorptivity of the dyes in the UV region" affected fabric UPF but that the color of a dye or fabric was not a reliable indicator of protection from UVR (p.
41).
Most household detergents and many laundering additives contain fluorescent whitening agents (FWAs) or optical brightening agents (OBAs) that can increase fabric UPF during laundering. These compounds absorb UVR and re-emit it as visible light at the blue end of the spectrum (Hill & Kolb, 2001 ). Studies documenting these effects include Eckhardt and Rohwer (2000) , Hilfiker et al. (1996) , Reinehr, Eckhardt, and Kaufmann (1996) , Rohwer and Eckhardt (1998) , and Zhou and Crews (1998) UV-absorbing agents or UV-absorbers are colorless compounds that absorb UVR ranging from 290 nm to 400 nm (Pailthorpe, 1998) . Studies showed that UV absorbing agents improve fabric UPF (Eckhardt & Rohwer, 2000; Pailthorpe, 1998; Reinehr et al., 1997; Rohwer & Eckhardt, 1998) . Reinehr et al. (1997) reported UPF improvement for both natural and man-made fibers/fabrics finished with UV-absorbers.
Effects of Repeated Laundering
Repeated laundering with FWAs, OBAs, or UV-absorbers on UPF of knit and/or woven fabrics generally decrease UVR transmission, thus increasing UPF. Researchers investigated the effects of FWAs or OBAs (Eckhardt & Rohwer, 2000; Stanford et al., 1995b; Zhou & Crews, 1998) and effects of UV absorber (Eckhardt & Rohwer, 2000; Rohwer & Kvita, 1999; Zhou & Crews, 1998) . Eckhardt and Rohwer (2000) concluded that UV-ab-9 sorbers provided higher UPF values than FWAs after 5 through 20 cotton fabric launderings. Rohwer and Kvita (1999) applied UV absorber (Tinosorb® FR) in rinse cycles, finding a substantial increase in UPF values after five washes of cotton fabrics. Zhou and Crews (1998) H2: There is no significant difference in UPF related to the repeated measures from three different directions.
H3: There is no significant difference in UPF between cotton jersey and blended pique.
H4: There is no significant difference in UPF related to five Improving Knit Fabric UPF 10 laundering levels.
H5: There is no significant difference in UPF related to four laundering treatments.
METHOD Experimental Design for Preparing Laundered Specimens
The laundered specimens were obtained using a 4 × 5 ×⋅ 2 factorial experimental design. The three independent variables (main effects) were (a) the type of laundry detergent/additives (A, B, C, and D), (b) the number of launderings (0, 1, 5, 10, and 15), and (c) the type of white knit fabrics (cotton jersey and blended pique). The dependent variable was the UPF value of knit fabric before and after each number of launderings with the detergent or laundry additive treatment.
Materials
Two types of knit shirts (eight of each) were purchased at a national chain discount store for use in this study. One type was an undershirt of 100% cotton jersey knit fabric (cotton jersey).
The other was a polo style with pique-stitch knit fabric labeled as 60% cotton/40% polyester (blended pique). Knit fabrics from control shirts that had not been laundered were examined to determine the fabric characteristics as shown in Table 1 . All tests were conducted at standard atmospheric conditions. Fabric weight was determined using ASTM D3776 Fabric For laundry testing, each shirt was cut into quarters, with the first cut separating the shirt in half down the center front and center back, so there were a total of 16 blended-pique halves and 16 cotton jersey halves. Each half then was cut along underarm and shoulder seams so that there were 32 quarter-shirt pieces overall. Yardage of 100% cotton piquestitch knit was selected and cut into blocks of a size similar to the shirt pieces for use as dummy fabric to maintain the load size. The fiber content of the shirts and dummy fabric was confirmed by microscopic analysis. All shirt quarters (except one for each style shirt) were randomly assigned to one of the four detergent or additive treatments. The remaining shirt quarter pieces were retained and labeled as controls and received no laundering treatment.
The detergents and one additive used in this study were purchased at local discount stores, and their labels indicated that A, B, and C contained OBAs. These products were selected to represent those readily available to consumers; their manufacturers were not aware of our research. The additive D was obtained from the manufacturer as it was being test marketed and contained Ciba® Tinosorb™ FD, a UV-absorbing agent.
Although it was provided to us at no charge, there was no input from the manufacturer concerning the conduct of this study. The amount of each product used for each treatment is also shown in 
Laundering Procedures
The laundering method used for the experiment was based on a modification of the AATCC Guidelines for Standardization of Home Laundry Test Conditions (AATCC, 1999). One modification was in the detergents used, and another was that we could not control temperatures precisely. A heavy-duty, extra-ca-13 pacity washer (Model A9900) and dryer (Model D9900), manufactured by the Maytag Company in Newton, Iowa, were used.
The washer was set on the regular setting for "white cotton sturdy" with hot water (130° F), 10 minutes washing time (total time with rinses of approximately 33 minutes), and maximum agitation. After the fabrics were placed in the washer, it was filled to a high water level of 15 gallons. The dryer was set on automatic drying for "regular fabrics," and shirt quarters were dried for approximately 45 minutes after each wash cycle.
The laundering process began with 30 shirt quarters (15 of each shirt type). After each laundry cycle (washing and drying), one quarter-shirt piece of each type shirt was removed randomly for UPF reading. Between washing loads, the washer was water-rinsed to take out the detergent residues from the tub. A piece of dummy fabric was added to the next laundering load to maintain the fabric-to-wash solution ratio in each succeeding cycle. Initially, a series of 15 washings was planned for each detergent and additive. However, this series was not completed for treatment C or D because the UPF readings of the fabric specimens were greater than 90 after 10 and 5 washes, respectively.
Fabric Specimens for UPF Readings
Four 2" × 2" fabric specimens were cut from each shirt quarter, for every treatment combination, to measure the UPF values.
These were labeled with the number of launderings and type of laundry detergent or additive and then stored in zip-close bags. The direction of the wale was marked at the right-hand corner with the numeric label. 
RESULTS

Descriptive Statistics
Mean UPF values for both knit shirt fabrics increased significantly following repeated launderings, using each type of laun- Mean UPF Value value before laundering than with the cotton jersey. The increase in mean UPF value for blended pique after laundering treatment was less dramatic than that for the cotton jersey, whether measured by the UVM or SPM (see Figure 2) . This difference may be due to the shrinkage properties or fiber content of the fabrics. Usually cotton fabric shrinks more than blended fabric containing polyester. The increase in the mean UPF value of the blended pique provided a very acceptable level of protection because the UPF value was greater than 39 after 5 to 10 launderings using either detergent and after 5 launderings using the laundry additives C and D. With both fabrics using C, a UPF of more than 50 was obtained with both instruments after 10 launderings; for D, a UPF of more than 50 was obtained with both instruments after 5 launderings. Therefore, launderings beyond this level were not conducted. In statistical model development, the empty cells thus created were treated as missing data.
Hypotheses Testing Results
To test Hypothesis 1, a within-sample validation between two different measuring instruments was conducted using the With regard to H2, the repeated measures analysis of variance (see Table 2 ) showed that there were no significant differences among mean UPF values found from measures obtained in the three different measuring directions using either UVM or SPM (see Tables 2 and 3 ). Thus, Hypothesis 2 was not rejected. Tables   2 and 3 Fabric Effects (H3)
Repeated measures analysis of variance of effects in
Results of tests using UVM (see Table 4 ) indicated that there was a statistically significant difference between the UPF of cotton jersey and blended pique knit. Results of tests using SPM (see Table 5 ) also showed a statistically significant difference between cotton jersey and blended pique. Thus, Hypothesis 3 was rejected.
The predictive validity of fabric effects in the model results attained from using the data obtained from UVM (Eta2 =.424) was much greater than the results attained using the data obtained from SPM (Eta2 = .053). The effect of fabric type explained a moderate amount of total variance in the UPF values in the case of UVM; on the other hand, the effect of fabric type was significant but did not explain much about the total variance of UPF values obtained from SPM. Repeated Laundering Effects (H4)
Results using UPF values obtained by UVM (see Table 4 ) indicated a statistically significant difference in the mean UPF values obtained from the different levels of laundering treatments. Thus, Hypothesis 4 was rejected in the data from the Improving Knit Fabric UPF 22 UVM. Table 6 shows post hoc tests, using Scheffé multiple comparisons that were conducted to show statistical differences in UPF values obtained with laundering levels.
Results using UPF values obtained by SPM (see Table 5 ) also showed a statistically significant difference in the mean UPF values obtained from the different levels of laundering treatments. Thus, Hypothesis 4 was rejected in the data from SPM.
Results of Scheffé multiple comparisons are presented in Table   6 to show mean differences in UPF between before laundering and other laundering levels.
These results may be due to the missing data that occurred Results using UPF values obtained by UVM (see Table 4 ) indicated a statistically significant difference among laundry detergent or additive treatments. Thus, Hypothesis 5 was rejected by the data from the UVM. Again, Scheffé multiple comparisons are shown in Table 6 showing significant mean differences in UPF with the various treatments. The detergent effect alone explained the third-largest amount of total variance of the mean UPF value (Eta 2 = .762).
Results using UPF values obtained by SPM (see Table 5 ) indicated a statistically significant difference among laundry detergents or additive treatments. Thus, Hypothesis 5 was rejected in the data obtained from SPM. Table 6 , showing Scheffé multiple comparisons, revealed no significant mean differences among A, C, and D. Treatment C provided lower UPF values than the other three. Hypothesis 5, predicting no significant differences in UPF related to four laundering treatments, was rejected in the data from both UPF measuring instruments.
Interaction Effects Table 4 shows the results of tests for interaction effects on mean UPF values obtained by UVM. Significant interactions were found among the three main effect variables-type of detergent/laundry additive, type of fabrics, and number of repeated launderings. All interaction effects were statistically significant (p < .001), with partial effect size (Eta 2 ) larger than .403. These results indicate that interaction terms among and between all three independent variables showed significant differences in mean UPF values. In particular, the effect size of interaction effects of detergent and number of launderings (Eta 2 = .720) and fabric and number of launderings (Eta 2 = .799) showed that those two interaction effects influence the mean UPF value. In Table 5 , UPF values obtained by SPM identified significant interactions among type of detergent/laundry additive, types of fabric, and number of repeated launderings.
All interaction effects were statistically significant (p < .001), with partial effect sizes ranging from .372 to .583. The predictive validity of the interactions in the SPM data was lower than those of the same interactions in the UVM. 
DISCUSSION
Overall, the mean UPF values before and after launderings with detergents were higher than those found in other studies (Eckhardt & Rohwer, 2000; Rohwer & Kvita, 1999; Stanford et al., 1995a Stanford et al., , 1995b Zhou & Crews, 1998) . It is important to note that the initial UPF values of both fabrics used in this study were higher than in the cotton or cotton/polyester blend knits studied by Zhou and Crews (1998) , who screened and selected fabrics that had no optical brighteners in them initially. Because the shirts used in this study were "off the rack" to simulate the consumer experience, whether they contained optical brighteners or not was unknown. It is interesting to compare the findings of this study in terms of percentage improvement in UPF with the use of OBAs in detergent, as compared to that reported by Zhou and Crews (1998) . They reported a 295% increase in UPF for cotton knit and 207% increase for PET/cotton blend knit. In this study, treatment A provided a 345% increase in UPF. This might be attributed to the differences in detergent formulations.
Reliability of Two UPF-Measuring Instruments Gies, Roy, McLennan, Diffey, et al. (1997) 
Measuring Direction Effects
We found no significant difference in mean UPF values due to the measuring direction for the fabrics tested. Our results suggest that this idea should be tested with a wider range of fabric geometries to determine whether measuring direction-related differences can be identified in other structures. For the two knit fabrics used in this investigation, direction-related differences were not found.
Fabric Effects
Before laundering, the blended pique showed a higher mean UPF value than did the cotton jersey. This difference can be attributed to differences in fiber content, weight, and thickness.
Polyester fiber absorbs more UVR because of its benzene ring, whereas cotton fiber is known to be transparent to UVR (Gies et al., 1994; Pailthorpe, 1998; Reinehr et al., 1997; Robson & Diffey, 1990) . The blended pique was heavier and thicker, with more than one set of comparatively larger yarns to shadow each other. The cotton jersey weighed less, was thinner, and had a higher count with smaller yarns close together, resulting in more but smaller interstices.
After laundering, the difference in UPF also can be explained partially by the differences in fabric weight and count.
Although the blended pique fabric weighed more, it had the lower fabric gauge, with fewer yarns per square inch than that of cotton jersey, which would translate into higher porosity (larger interstices between yarns) compared to cotton jersey.
The larger interstices would allow direct access for UV to strike the skin. The polyester content might help prevent shrinkage from laundering to close the interstices. Previous studies showed that cotton fabric shrinkage leads to a decrease in porosity (Crews et al., 1999; Reinehr et al., 1997; Stanford et al., 1995a) ; therefore, laundering of cotton jersey knit would assist in closing the already small interstices, thus boosting UPF values.
Repeated Laundering Effects
The mean UPF value increased significantly with 5 repeated launderings using each type of laundry detergent or additive.
Both measuring instruments showed that the mean UPF values of both knit fabrics increased significantly after the first laundering with either of the four detergent or additive treatments.
After 5 launderings with detergent, the mean UPF values for cotton fabrics increased with each level of laundering up to 15
washes. These results were consistent with those of Stanford et al. (1995a Stanford et al. ( , 1995b , who found that UPF increased significantly following the first wash and remained high, for four out of five cotton shirts for up to 36 launderings.
After 5 repeated launderings with all four treatments, both fabrics attained the UPF value of 39. These findings are consistent with Zhou and Crews (1998) , who reported that use of optical brightener was one of the significant factors explaining an increase in UPF values. Our findings with regard to the effect of UV-absorbers are also consistent with previous research (Eckhardt & Rohwer, 2000; Rohwer & Kvita, 1999 
Future Research Directions
The primary objectives of this study concerned the comparability of UPF results using the UVM and SPM and the effects of home laundering detergents and additives on UPF of inexpensive shirt fabrics. Several possibly useful variables were not evaluated because many were previously documented in literature (e.g., Stanford et al., 1995a quickly during educational programs to make a point and/or answer questions about how UV-protective they are.
We believe these improvements in fabric UPF also would occur for other summer-weight cotton or cotton-blend clothing as a result of laundering with detergents or additives containing OBAs or UV-absorbers. This finding has important implications for families. It means that probably most cotton or cotton-blend clothing laundered more than five times in ordinary detergent with OBAs will be more sun protective than when it was new. It also means that by using a product such as treatment D, new summer clothing for all family members can be rendered much more sun-protective with one washing. This effectively gives consumers great ability to gain increased sun protection via clothing. However, these findings, related to the ease of improvement of fabric UPF via launderings, do not negate the importance of clothing design and other measures for sun protection. A high fabric UPF in a garment that does not cover the skin is of little value in health terms. Therefore, it is of continued importance that educators work to improve consumer understanding of practices necessary to avoid excessive UVR exposure. Everyone should be aware that a high fabric UPF is affordable.
Implications for the apparel and textile industry are also suggested from our findings. First, apparel and textile firms may wish to adopt technologies to incorporate UV protection in fiber selection and/or during fabric finishing processes. Second, garment manufacturers should become aware of the importance of sun protection and encourage their suppliers to offer UPF-tested and -labeled fabrics for their use in product development. Third, retailers could include specially designed and UPF-labeled sun-protective clothing in their merchandise assortment for niche markets. By providing more UV-protective garments on the market at a reasonable price, the awareness of sun protection may be increased in the general population, which may eventually reduce incidence of UVR-related illness such as sunburn, premature aging of skin, skin cancer, and cataracts. Apparel producers and retailers can foster the improvement of understanding of sun-protective clothing and practices by partnering with educators to provide information for the public.
